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A FLIGHT INVESTIGATION OF AREA-SUCTION AND BLOWING 
BOUNDARY-LAYER COKl%OL OR TBE TRAILING-EDGE 

FLAPS OF A 350 SWEPT-WING CARRIER- 
TYPE AIFU?Lp;NE 

By  Hervey C .  Quigley,  Francis W. K. Horn, 
and Robert C. Innis 

Flight  tests  were  conducted on an FJ-3 airplane to determine  the 
flight  characteristics  of a carrier-type  airplane  with  area-suction and 
with  blowing  boundary-layer  control on the  trailing-edge  flaps.  Measure- 
merits were  made  of  the  lift and drag for the  airplane  with  both  types  of 
boundary-layer  control in conjunction with  slatted  and  extended  cambered 

requirements  for  the  two flap boundary-layer  control  systems.  Flight 
evaluations  were made of  the stall and approach  characteristics of the 
airplane for the  various  wing  leading-edge and flap configurations. 
Conrputations  were d e  to show  the  effect of boundary-layer  control on 
the  take-off and. landing  gerformance. 

- 
U wing  leading  edges.  Measurements  were  made  also of the  bleed-air 

The  results  showed  that  the  blowing  boundary-layer control on the 
flaps  deflected 550 gave  flap Uft Increments  of 0.53 to 0.59 (depending 
on the  leading-edge and nozzle  configuration) a6 compared to 0.42 for 
the  area-suction  type and 0.34 for  the standard 45O slotted flap for the 
landing-approach  configuration (Eo angle of  attack,  85-percent  engine 
rpm) . The maxFmum lift  coefficients  were  consistently  higher  with  the 
blowing flap  than with the  suction flap when equal amounts  of enghe 
bleed air were used f o r  each  leading-edge  device  tested.  Computation 
showed  the landing asd take-off  performance  was  improved  by  both  suction 
and  blowing on the f l a p  compared  to  the 45O slotted flap, but  the  larger 
gains  were  with  the blowhg flap.  The  field  carrier-landing approach 
speeds  were  reduced an average of 2 hots with  the  suction f l ap  and 10 
knots with  the  blowing f lap .  A l l  the  pflots'  approach  speeds  were  within 
3 knots  of 1.125 stall  speed. 
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INTRODUCTION . 
The  lending-anroach  and  catapult  take-off  speeds of carrier-type - 

aircraft  have  increased as operational  speeds  increased.  One of the -- 

promising  methods  of  reducing  these appmach and  catapult  take-off 
speeds  is  the  applfcation  af  boundary-layer  control  to  the  trailing- 
edge  flaps.  Since  relatively  high  engine powers are  required for car- 
rier  landing  approaches, a boundary-layer  control  system  utilizing 
engine  bleed  air  is  well  adapted  to  carrier  airplanes. 

- 

. 

" . . .. 

- 

In the  flight  tests  of  an F9F-4 airplane  (ref. 1) with  wing-shroud- 
blowing  boundary-layer  control on the  trailing-edge  flaps,  and an F-86A 
(refs. 2 esd 3) with  area-suction  boundary-layer  control on the  trailing- 
edge  flaps,  it  was  found  that  the  landing-approach  speeds  in  field 
carrier4andin.g  approaches  were  reduced  appreciably.  Since  the F9F-4 
had  shown  impraved  landing  and  catapult  performance  in  actual  carrier 
operation  (ref. 4), interest  was  focused  on  testing a representative 
carrier-type  swept-wing  airplane  with  boupdayy-layer  control  flaps. 
The.Bureau of  Aeronautics, Navy Department, assiwed an FJ-3 to  the  NACA. 
The  NACA w a s  to  install an area-suction  flap  and  flight  test  the  air- 
plane  to  determine  the  low-speed  aerodynamic  characteristics. I 

At  the  time  the  initial  flight  tests  were  being  conducted  with  the 
area-suction  flap on the FJ-3, a-blowing boundary-layer  control  system 
was  flight  tested on the F-86F (ref. 5 ) .  The  lift  values  obtained by 
blowing Over  the  flaps  were  considerably  larger  than  those  obtained on 
the F-86A and  the FJ-3 with  area  suction.  Because it appeared  that 
greater lift gains, and therefore more reduction  in  approach  speeds, 
might be  possible with a blowing  system,  an  additional s e t  of flaps 
employing blowing boundary-1-ayer  control  was  constructed f o r  the FJ-3 
airplane.  The  suction and blowing f lap  were  readily  interchangeable 
and  offered a conven-lent  camparison  of  the  relative  merits of the  twa 
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systems. . .  - - 

Flight  tests  were  conducted  with  the  area-suction flap with both 
perforated and sintered porous material,  and  with  the  blowing  flap with 
two nozzle  sizes.  Since  the  maximum  lift  obtainable  wa6  anticipated  to 
be  dependent on wing leading-edge  separation,  both  the  suction and blow- 
ing flaps  were  tested in conjunction  wLth  the  slatted  end  the  extended 
cambered leading edges  currently used on FJ-3 airplanes. The  airplane 
with  both  types  of  boundary-layer  control  systems  was  evaluated by the 
pilots  to  determine-carrier-type  landing-approach and stalling  character- 
istics..  Computations of the  performance  characteristics  were  made from 
measured  values  of  lift,  drag,  and  engine  thrust.  The  results  of  the 
flight  tests and the  computations  are  reported  herein. 

- 
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NOTATION 

b 

b wing span, ft 

BLC born-dary-layer  control 

CD drag coefficient, - 9s 
D 

ACL increment  of  lift due to flaps 

C b  maxFmum lift  coefficient 

Q acceleration of gravity, 32.2 ft/sec2 

h nozzle  height, Fn. 
L l i f t ,  lb 

L.E . leading edge 

P free-stream  static  pressure, lb/ft2 

pa 
*f 

engine  bleed air total pressure in flap duct, lb/ft2 

flap  plenum-chamber pressure, lb/ft2 

% flap plenum-chamber pressure  coefficient, 
Pf - P 

9 

. pr duct total pressure,  lb/ft2 

9 free-stream  dynamic pressure, lb/ft2 - 
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volume of air removed through porous materid, cu f t / sec  

wing area, sq f t  

engine thrust, l b  

-ding-approach velocity,  knots 

reduction Fn landing-approach  velocity due t o  boundary-layer con- 
t rol ,   knots  

veloci ty  of blowing J e t  assuming isentropic  expnsion,  f t /sec 

free-stream  velocity,  ft/sec . .  

stall ing  velocity,   knots 

reduct ion   in   s ta l l ing   ve loc i ty  due t o  boundary-layer  control, 
knot13 

weight flow of air, lb/sec 

gross  weight  of  airplane . .  . .. . 

angle  of  attack, deg 

flap  de.flection normal t o   f l a p  hinge l ine,  deg 

f r ic t ion   coef f ic ien t  

mass density  of air, slugs/cu f'i. 

EQUIPMENT AND TESTS 

Airplane and Boundary-Layer Control Flaps 

Airplane.- The tests were conducted  with an FJ-3 airplane. A two- 
view drawing and a photograph o f  the  sirplane.. %e pre.sented i n  f igures  I 
and 2, respectively. The geometric data. for the airplane a r e   e v e n   i n  
table I. - . . - ." 

" 

The following  modifications were made t o  the airplane t o  incorpo- 
rate  the  area-suction and the  blowing bundary-layer  control  systems. 
The wing shroud  ahead of the  f lap was rebui l t  t o  accommodate the nose 
section of the  boundary-layer  control  flap. A mantfold was instal led on  
the J65-W-4 engine t o   co l l ec t  the .air from the bleed ports of the last 
stage of the  engine  compressor. A pilot-contro.led  valve was installed 
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t 
in  the  ducting between the engine and the flags to control  the flow  of 
bleed air; the  valve w m  fully open for a l l  boundary-layer control tests. 
Two-inch ducting was muted  internally from the  valve t o  a rotating 
O-ring seal at the  flap  center of rotation. The ducting and the  control 
valve weighed l7-l/2 pounds. The flaps were plain ty-ge with the hinge 
l ine  at the lower surface. Two sets o f  flaps, one with  area-suction and 
the  other  with blowing boundary-layer control, were constructed by  modi- 
fying standard FJ-3 slotted f lap.  The suction and blowing flaps weighed 
45 and 38 pounds, respectively, more than the  stand& FJ-3 flaps. 

Suction  flap.-  Figure 3 is  a photograph of  one of the  area-suction 
flaps.  Figure 4 is a typical  cross  section of the  f lap show- an ejector 
pump.  Twenty-two (ll i n  each flap)  ejector pumps were used f o r  the sue- 
tion source. The ejector pumps were designed to operate most efficiently 
at 85-percent engine. rpm (ass- landing-approach rpm) using pump data 
from reference 6. Figure  5(a) is  a close-up view of the suction  flap with 
one section of the  sintered porous material remved to  show the prfmary 
air tube and the  ejector  nozzles. Figure 5(b) shows a close-up view of 
a few of the  diffuser exits on the lower surface of the flap. 

Two types of porous material,  sintered stainless steel and perfo- . rated aluminum, were tested on the flap radius. Figure 6 i s  a close-up 
view of %he suction  flap with the  perforated porous material. The design 

figure 7. Sintered porous panels w e r e  used for  8J.l the tests with the 
slatted wing leading edge; perforated  panels were used for Eby the   tes ts  
with  the extended cambered leading edge except for  8 brief test t o  compare 
the  effects of the two types of porous material. The performance of the 
ejector punrps with  the two types  of porous material on the flap is  shown 
in  figure 8. The difference in  pressure drop through the porous material 
with inflow velocity, as discussed in  reference 7, accounts for   the  dif-  
ference in the  variation of secondary pressure ratio with primary pressure 
ratio for  the two materials. 

W f low characteristics used for both  types of porous material are shown in  

Blowing flap. - A close-ug view of the blowing-type  boundary-layer 
control  flap is shown in figure 9, and figure 10 i s  a sketch of the 
cross  section of the f lap showing the primary air tube and the  nozzle. 
The nozzle was continuous (no spacers)  over the span of  the  flap. Two 
nozzle gaps were tested: a nominal- 0.01-Fnch  gap (nozzle area 0.0142 sq 
f t )  , and a nominal 0.02-inch gap made by install ing a 0.01-inch shim under 
the  nozzle  block  (nozzle area 0.0264 sq f t ) .  

Bleed air.- Figure ll shows the primary gressure  ratio  variation 
with  engine rpm.  The data indicate  that  with  the  larger blowing nozzle 
the  pressure r a t i o  was lower due t o  duct Losses than  with the smaller 

approximately  &-percent  engine speed. 
. blowing nozzle and the  ejector pump.  The jet   velocity w a s  sonic above 



The  amount of  engine  bleed air used at various  engine  speeds f o r  
the two blowing nozzles and the  e jector  pumps i s  shown i n  .figure L2. 
The flow quantit ies were calculated  frommeasurements of calibrated 
t o t a l  and s ta t ic   pressure and temperature in the ducting between the 
valve a d  the  f lap.  The area of  the  ejector pump nozzles and the  
0.01-inch blowing nozzle w a 6  the same; therefore,   the primary pressure 
ratio  and.weight  flow  of  bleed air w e r e  about the same f o r  a given 
engine  speed. 

- 

. .  . .. .- 

The thrust  of the engFrte with and wlthout  extracting  bleed air i s  
shown i n  figure.13. These data  were obtained on a thrust stand  with 
the  f laps  deflected 65O and include  the thrust .effects of t h e  blowing 
nozzle and the ejector  pump exits. The blowing flap with  the 0.02-inch. 
nozzle gap r e s a t e d  i n  a 4-percent thrmt loss at 100-percent engine 
speed. 

- 

.- 

. " - 

Wing leading edges.- F l igh t   t e s t s  were conducted w i t h  both a e la t -  
ted  leading edge used in early  versions of the. airplane, and the extended 
cambered leading edge with  fence  currently used & FJ-3  airpianes. The 
fence was a 25-percent-chord,leading-edge, wrap-around type at 61-percent 
wing semispan. Tests were also made with  the fo-wing adaptations of 
the two standard  leading  edges: (a) slats locked -&sed and sealed, 
(b)  extended cambered leading edge without  fence, . k d  ( c) .slate operat- 
ing but with an MACA 23012 cambered section f r o m  the inboard edge of 
the slat to the  fuselage,   hereinafter  called  the  slatted leadling  edge 
with  modified  inboard section. Figure 1 4  shows croes-sectional  sketches 
of the  various  leading-edge  configurations. 

" 

Instrumentation and Test6 

Instrumentation.-  Standard NACA instruments were used t o  record 
airspeed,  altitude,  acceleration,  angle of attack, and duct  pressure 
and temperature. The angle  of  attack was determined by a vane 9 f e e t  
i n   f ron t  of the nose of the  airplane.  Free-stream total. and s t a t i c  
pressures were taken from an MACA swivelFng airspeed headlmounted & the  
end of a nose boom 10 f e e t  Long. Duct pressures a@ temperatures were 
measured in the ducting between the  control  valve and the flag. 

Tests.- All t e s t s  were made with the  w i n g  seal@ (except  for a 
b r i e f   t e s t  t o  show the  effect   of  sealing).   SeaUng was accomplished by 
taping d l  openings i n  the wing through which air might percolate, such: 
as the  leading-edge  hinges, wing fo ld   l ine ,  and the-wing-fuceiage Junc- 
ture. All the  data  presented  herein  are for the  wing-sealed. condition. 

. . . . - . . . . . . . . 

The underwing f u e l  tanks were removed f a r  all tests  reported  herein.  - .- 

I 

" 

.. 
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The  flight  tests  were  conducted  at appromtely 5000 feet  altitude 
over a speed  range  from 170 knots  to  the stali to determine  the aemdy- 
namic  characteristics.  The  average wing  loading and center  of  gravity 
for  the  tests  were 50 pounds per  square  foot and 0.24 mean  aerodynamic 
chord,  respectively.  The  airplane  was  tested  with fhp deflections 
of Oo, 35O, 450, 5 5 O ,  and 69'. - 

The  stall  and  field  carrier-la3?ding  approach  characteristics  were 
determined  by Ames pilots using the  procedure  outlined in reference 5. 
The  landkg-approach  evaluations  vere  made  at  Crows Landing Auxiliary 
Landing  Field  (elevation 165 f%) with  the  aid  of  either a Navy landing 
signal officer  or  the  landing-approach mirror. 

RESULTS AND DISCUSSION 

-Lift and Drag  Characteristics 

The  effect of bormdary-layer  control.-  The Uft and  drag  character- 
istics are presented in figure 1.5 for  the  airplane  with and without 
area-suction  and  with  and  without blowing bound--layer  control on the 
trailing-edge  flaps.  The  &ata fo r  the airplane with the flaps  deflected 
are  for  the  configuration  found  to  be optimum for  carrier-type  Landing 
approaches,  that  is, 5 5 O  flap  deflection,  landing-gear down, and  dive 
brakes  closed.  The  data Fn 15(a) are for  the  airplane  with a slatted 
leading  edge, and in l5(b) for  the  airplane  with  -the extended cambered 
leading  edge  wtth  fence.  The  Ifft and drag  dita  for  the  basic  airplane 
with  the 45O slotted  flaps  are also shown in  figure l5(a) for  compara- 
tive  purposes. 1% can be seen-fmm these  data  that  the maxhum lift 
coefficient  and  the flap lift effectiveness, A&, were  increased  with 
both  types  of  bound=-layer  control as compa;red.  to  the airplane with 
the 45O slotted  flap.  The maximum l i f t  coefficient w a s  0.05 higher  with 
the  area-suction  flap and 0.17 higher  with tlze blowing f l a p  than for  the 
airplane  with 45O slotted f laps .  The small difference in the lift curves 
for  the  suction  and  blowing flaps with  boundary-layer  control  off was 
belleved  due to outflow  through  the porous material of the  suction  flap 
decreasing  the  flap  lift. 

The  variation of the  flap  lift with angle of attack i s  shown in 
figure 16 for  the  various  configurations.  These  data  show  that  at aa 
angle of  attack  of 12' (ass- approach attitude)  blowing on the  flap 
more  than  doubled  the  lift  effectiveness  of  the  plain  flap,  while BUC- 
tion  improved  it  about 60 percent. 

The  flap  lift  variation w i t h  flap angle  for -120, shown  in fig- 
ure 17, indicates  that  above 55O flap deflection  the  flap  lift  improves 
very  little with f lap deflection  with  either  type  of  boundary-layer con- 
trol.  Theoretical f l a p  lift  increments  as  predicted  from  reference 8 
were  achieved  with  the  larger  nozzle blowing flap  at f l ap  deflections 
of 35O ma 45O. 
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The drag  data  of  .figure 15 show tha t  at the lower Hf't coefficients 
the  drag i s  increased due t o  boundary-layer control  while a t  the  higher 
CL values  the  drag i s  decreased. This is  consistent  with  previous 
boundary-layer control  Fnvestigations (refs. 3, 5, 9, and lo) and had 
l i t t l e   e f f e c t  on the operation of the  airplane.  

The e f fec t  of wing leading-edge  configuration.- E a r l y  i n  the tests 
of  the  boundary-layer  .control  flags w i t h  the  sl8tted leading edge L t  
was noted tha t   the   increased   f lap   l i f t  due t o  boundary-layer  control was 
reduced near C k  ( f ig .  l?(a)) .  This was espec ia l ly   t rue   for  the area- 
suc t ion   f lap   for  which t h e   l i f t  -rement due t o  suction was 0.17 
at a=EO and only 0.05 a t  &. Tuft  studies  of  the air flow over 
the  wing showed tha t  as C h  was approached, separation  started at 
the  leading edge of the wing inboard  of  the s la ts  and spread back over 
the   f lap  and outboard at the stall .  To study further  the  effect   of  the 
leading edge op t h e   l i f t  with  boundary-layer  control  flaps, tests were 
made with  several  other  leading-edge  configuratians. 

To determine if the  discontinuity  of  the inbo- edge of  the slat 
contributed to the shape of  the l i f t  curve and Uft increment due t o  
suction,  the  airplane was flown with  the slats locked  closed and sealed. 
The l i f t  data, figure U ( a ) ,  showed tha t   the  l i f t  c w e s  with  the slats 
open and closed were essent ia l ly   the  same  up t o  C h  with slats 
closed. 

In  an attempt to  delay  the  separation inboard o f  the slats at the 
high  angles of attack,  the  leading edge between the  inboard edge of  the  
slats and the  fuselage was modified as shown in figure .'14( c) . The l i f t  
curves,  figure 18 (b) , showed that  with  the  modified leading edge the 
l inear  portion of the l i f t  curves was extended t o  a higher  angle of 
attack and C k  was increased.  Since  the C h  f o r  boundary-layer 
control  off  was also improved, there was Yttle gain in l i f t  due t o  
boundary-layer  control at &. Tuft studies showed that as angle of 
attack was increased,  separation  started at the traillng edge near  the 
wing t i p ,  followed  by-separktion inboard of the  slat, A pitch-up which 
the  pilots  considered  unsatisfactory  occurred at about 3 knots above 
normal stall speed. In accelerated st- in  turning flight the  pitch-up 
was less  severe and was cmsidered  acceptable; however, the  airplane had 
a tendency t o  roll out of the turn. 

The results of the flight tes t s   wi th   the  extended cambered leading 
edge with and without  the  fence  are  given in figure 18( c) . The data 
show that   the  fence  did not affect   the  f l ap  lift; however, the  fence 
reduced C h  by 0.10 for both  the  suction- and blowing-flap  configura- 
t ions.  The abrupt   ro l l -of f   qer ienced  by the   p i lo t s  a t  the stall was 
s l igh t ly  reduced  with the  fence. " .. . 

I 

r' 
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m e  following  table summarizes the  flap lift increments and maximma 
H f t  coefficients  obtained at &-percent engine speed and 55O f lap 
deflection  for all the lead- edges tested. 

configuration 

Extended cambered. with 

Effect of engine speed. on lift .- Since the engine comgressor bleed 
air is used t o  operate both types of boundmy-layer control,  the  suction 
of the  ejector pumps and the momentum of the blowing nozzle will be a 
direct  function of the engine speed. Therefore,  the  flap l i f t  increment 
and the maximum l i f t   coe f f i c i en t  w i l l  vary with  engine speed with  either 
type of boundary-layer control. It can be seen in figure 19 that the 
increase in f lap l i f t  KLth engine speed is  almost Linear f o r  the blowing- 
flap  configurations while the  increase i s  more gradual w i t h  U t t l e  
increase above 85-percent engine speed f o r  the  suction-flap  configura- 
tions.  Figure X) shows the sane trend for  the variation of C b  with 
engine speed. The gea tes t   var ia t ion  of & with  engine  speed w a s  
obtained with the 0.02-inch nozzle blowlng f lap and. cambered leading 
edge. In this configuration  the vaxied from 1.37 at 50-percent 
t o  1.63 at 100-percent  engine  speed. This variation in & and 
engine thrust would mean a change of from lo3 t o  89 knots in  the stall- 
ing speed a t  a gross w e i g h t  o f  l5,OoO pounb. 

Other factors that affect l i f t . -  It was found early in the tests 
that  sealing  the openings in the wing through which air might percolate 
increased  the maximum lift, especially  for  the  suction  flap. The effect  
of  sealing is shown on the lift curves of figure 21 for  the airplane 
with  the  slatted leading edge. No attempt w a a  me t o  determine where 
on the w i n g  the sealing was most effective. 



The ef fec t  of the  .landing  gem and dive  brakes on the lift and drag 
of the  airplane i s  shown in figure. 22 for   the   suc t ion   f lap  and the slat- 
ted  leading edge. The .data show tha t  the. flap li.ft was reduced by 0.05 
and 0.02 a t  a=E0 due to  the  landing  gear and dive  brakes,  respectively. 
The C k  was reduced by 0.05 due to  the  landing  gear while the  dive 
brakes had no measurable e f fec t  on C h .  

Flow Requirements 

Suction flap.- The  volume of air removed through  the porous mate- 
rial was not measured, but  the flow coefficient,  CQ, could  be  estimated 
from pumping character is t ics  of the  ejector  pumps.gd measured values  of 
pressure  ratio.  An estimated CQ value  of O.OoO5 (the  value  determined 
i n  ref. 9 for flow  attachment on a similar configuration) w a s  achieved 
at pressure  .coefficients of about -5.5 wlth  the  perforated and -7.5 with 
sintered  pomus materials. The data in figure 23 show that  these  values 

from f igures  19 and 23 *that o d y  kinall increases in i i f t  due to   suct ion 
w a s  achieved a t  engFne.speeds above 85 percent.  These  data  indicate 
that sufficient  f low  coefficient and pressure  coefficient were available- 
t o  give  near maximum suction lift increment during landing  approaches. 

Of CPf occurred at engine  speeds of about 85 percent. It can be seen 

The difference in  flow  characterist ics of the  sintered and the per- 
forated porous materials gave s l i e t  differences  in  lift. It i s  shown 
in   f igure  23 that  with  the  perforated material the lift coefficient 
a t  120 -le of attack i s  0.02 higher at 55-percent  engine qeed   bu t  no 
higher a t  100-percent  engine  speed a6 compared to  the  sintered  material . . .  
The l i f t  curves of the  airplane with the  suction flap with  the two mate- 
rials are shown i n   f i g w e  24. These data,  at  85-percent  engine speed, 
show that  with  the  perforated  material   the & is 0.025 higher  than 
with  the  sintered  material .  These differences- in l i f t   c h a r a c t e r i s t i c s  
with  the two types of porous material  are considered small; however, the 
tests were too  Umited f o r  a complete  comparison of the  re la t ive  meri ts  
of sintered and perfarated  porous  materials for suction flaps. 

Blowing flap.-  The var ia t ion of lift coefficient with.momentum 
coefficient i s  presented in  f i g w e  25 f o r  Bo and 12°~angle6 of attack and 
f o r  %. These data show that a increased  rapidly  wlth % up t o  
a % value of about 0.007 above whi& the  increase  in  a with $ 
was at a much lower ra te .  It c m  be  seen from figure 25(b)  that  the 
var ia t ion of CL with $ was the same f o r  both  nozzle  gaps  tested. 
Wind-tunnel tests of refereace 10 indica ted   the   in i t ia l   increase   in  l i f t  
with % was due primarily t o  boundary-layer  control, whfle the   fur ther  
increase  in  CL was due t o  increased  circulation  over the wing.  The . 

data   in   f igure  26 show the  var ia t ion of ($ with  airspeed and engine 
speed for both  the  0.01-inch and the  0.02-inch  nozzle  gaps. It is  shown 

I 

t 

. .. 
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by these data that in  the landing-approach speed range of 100 t o  
ILL3 knots a % value of about 0.007 would require 75- t o  80-percent 
engine speed with  the 0.01-inch nozzle and only 65 t o  70 percent  with 
the 0.02-inch nozzle.  Since  engine speeds in excess of 80 percent  are 
required  for  carrier-type approaches, the $ values in the preserrt 
tests were  above 0.007. 

Performance 

Computations  were made using measured values of lift, drag, and 
engine thrust t o  determine st- speed, approach speed, landing  dis- 
tance, take-off distance,  catapult launching speed, and ra te  of climb. 
The methods used f o r   c o q u t h g  performance aze noted in the Appendix  and 
are considered to be accurate enough for comparison purposes. The 
thrust losses due t o  engine bleed  are  considered in the computations 
where appll  cable. 

S t a i n  speed._-me  stalling-speed  variation w i t h  g r o s s  weight is  
shown in figure 27. &e stal l ing speeds were  computed f r o m  C h  
values and include  effects of thrust. These data show that  the differ-  
ence in stal l ing speed between the  suction and blowing f h p  (h4 .01  in . )  
i s  3 knots w i t h  the  slatted  leading edge and 5 knots  with  the cambered 
leading edge. With the  large  nozzle blowing flap (h4.02 in.) the stall- 
ing speed w a s  7 knots less than  with  the  suction  flap. 

Approach speed.- Figure 28 shows the computed variation of approach 
speed wi.th gross w e i g h t .  These  data were  computed  on the assumption 
that the  pilot  would approach at the same angle of attack and lift coef- 
f icient  regadless of the gross weight. The following table  notes  the 
pilots'  average OG and used i n  f ie ld   mrier- landing approaches. 

Configuration 
leading edge 

Slatted 

JI 
Extended cambered 

45' slotted 
550 BLC off 
55O suction 
55O blawfng (hPO.01 in.) 
5 5 O  BLC off 
55' suction 
550 blaring  (hd.01 in.) 
53O blowing (hdl.02 in.) 

~ Average 
approach 

a, 
del3 
u . 4  
14.5 
12.8 
XI" 3 
12.6 
10.6 
11.0 
10.5 

~ Average 
'approach 

CL 

1.06 
1.14 
1. rg  
1.29 
1.04 
1.ll 
1. X) 
1.24 

The pilots '  opinione of the use of boundary-layer control  flaps in 
the  landing approach w i l l  be discussed later. __ -4 
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Landing distance.- It can be  seen from figure 29 that the computed 3 

landing  distance is reduced by both  types of  boundary-layer  control. 
Landing dis tance  for   the  a i rplane  with  the  s la t ted leading edge w a s  
reduced  about 16 percent  with  the  suction  flap and  22 percent  with  the 
blowing f l ap  as compared to  the  standard  aiqlane  with  the.  45O s lo t ted  
flap.  The shortest  landing  distance computed wa6 for  the  airplane  with 
the  0.02-inch  nozzle blowing flap and with  the extended cambered leading 
edge. " 

i 

. .- 

Take-off distance.- The compted  take-off  distance was reduced by 
both  types of boundary-layer  control  as shown in   f igure  3O(a). The 
blowing f l a p  reduced the   t ake-of f -d is tance   abut  9 percent  while  the 
reduction  with  the  suction  f lag was only  about 3 percent as coqa red   t o  
the  airplane  with 45O slot ted  f laps .  The take-off  distances  with  flap 
deflections of 35O, 4 3 O ,  55O, and 65O a re  shown in- f igure  3O(c) fo r   t he  
extended cambered leading edge and the blowing flap (h30.02 in . ) .  The 
data  indicate the minimum distances were with  the 5 5 O  flap  deflection; 
however, the  differences  in  take-off  di6tanCe  with  flap  deflection  are 
considered small. 

. .  , . . . . . . . . 1 

" 

. " 

Catapult  launching.- The  corrrputed catapult  launching-speed  varia- . 

tion  with  gross-  weight i s  shown i n  figure 31 for  various  configurations. 
These da ta  show that  with  either  type of boundaxy-layer control   f lap 
the..airplane  could be  launched  heavier at a given  catapult end speed end 
wind m e r   t h e  deck than  the  basic  airplane;  with  the  slatted  leading - 

edge the  airplane could  be  launched  about 16UO pouqds heavier wtth  the .. 

blowing f lap,  and atmut 600 pounds heavier with the  area-suction  flap. 

" 

~ "" 

. .  
" 
. -_ . .  

- * .  
. ." 

- - 

Figure 32 shows tha t   the  computed rate   of   c l iqb at t h e  end of the 
catapult  (1.05 Vs) is decreased  with  both  types of boundary-layer con- 
t r o l   f l a p s  due to  the  engine  thrust 106s and higher induced  drag. How- 
ever, a l l  configurations had longitudinal  accelerations much greater 
than  0.065gl at the end of  the  catapult .  

. -  

. .  
- .. - 

Pilotsf  opinions " 

The Ames pilots  evaluated the airplane with various  leading-edge 
and flap  configurations  to  determine  the  stall ing speed, s t a l l i ng  char- 
ac t e r i s t i c s ,   c a r r i e r  landing-approach  speed, ma reason f o r  l imiting 
approach  speed. (The evaluation flights were without 8 ruwer pedal 
shaker   for"ar t i f ic ia1 stall warning.) The resu l t s  of these  evaluations 
have been tabulated i n  tab le  11. In figure 33 the   individual   pi lot ' s  
approach  speeds,  noted- In . table  II., have be%  converted ta . .  CL and 
marked on the l i f t  curves. The p i lo t s '  average  appoach  speeds f o r  each 
configuration  evaluated &re shown i n  f igure 28. 

lAssumed min im  acce le ra t i an   va lue  used t o  assure tha t  the aimlane * 

does not sink after  launch. 

- 9  
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These data  indicate that the  pilots used the  increased  flap  effec- 
tiveness and maximum l i f t  due t o  boundary-layer control t o  reduce their 
speed i n  a carrier-type La;nding approach. The  amount the  pilots'  aver- 
age approach speeds were reduced varied from 2 h o t s  for the  airplane 
with  the  suction flap and s la t ted leading edge t o  10 h o t s  with  the 
blowing f l a p   ( h a .  02 in. ) and cambered  le- edge as compared t o  the 
basic  airplanewlth  the  slatted leading edge. Proximity t o  the stall  
was the reason  given by the  pilots  for limiting the i r  approach  speeds 
for  the  majority of  the  evaluation  flights  (table II). The exception 
w a s  the  blaring-flap  (h4.01 in.)  and the 45O slotted-flap  configura- 
tions  (basic airpla3le)  with the slatted  leading edge; f o r  these  config- 
urations  the  pilots  limited their approach  speeds  because of Fnadequate 
altitude  control. 

The stall ing  characterist ics of the  airplane were mre a function 
of the  leading edge thm  the  flap configuration. With the  slatted lead- 
ing edge the  airplane had marginal stall warning and a satisfactory 
stall, and with the extended c a k r e d  le- edge (with  fence)  the 
s ta l l  was considered by two of the p i lo t s   to  be unsatisfactory, and by 
one t o  be marginal due t o  the  abrupt  roll-off at the stall with no stall 
warning. 

Approach-Speed Criteria 

Two of the landing-approach c r i t e r i a  suggested i n  reference 2 for  
determining minimum comfortable landing-approach speed in  carrier-type 
approaches were s ta l l  speed and speed for  m i n i m u m  drag. The relationship 
of the  individual Ames pi lot '  s approach  speed t o  these two cr i ter ia   for  
the FJ-3 with  the two leding-edge and five  flap  configuratfons  are shown 
i n  figures 34 and 35. In  figure 34 it is show that   the   pi lot  approach 
speeds are within 3 knots of a mean of 1.123 Vs. It is of interest  t o  
note that the  pilots approached as close  to  the stall with  the extended 
cambered leading ed.ge as with  the  slatted  leading edge even though the 
pilots considered  the stall with the cambered ieading edge unsatisfactory 
and with  the slats satisfactory  (table 11). It i s  also of interest  t o  note 
that minimum comforkble approaches were made as low as 1.10 Vs. The 
change in   p i lo t ' s  approach  speed due t o  boundary-layer control  varies 
directly  (within 3 knots)  with  the change in stall speed due to boundary- 
layer  control as shown i n  figure 34. From the landing-approach data  for 
this  airplane it appears that the change Fn approach speed due to  different 
leading-edge and flap  configurations w a s  dependent on the change in  stall  
speed. 

It is shown in  figure 35 that  the approach  speeds were f o r  most cases 
less  than  the speed for  minimum drag. The trend seemed t o  be f o r  the pilot 
t o  approach closer t o  the speed for minimum drag as the approach speeds 
were reduced. 
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COMCWSIONS 

The following  conclusions have been made f r o m  this investigation of - 
area-suction and blowing boundary-layer control On the trailing-edge  flaps: 

1. The plain-flap  effectiveness w a s  increased as much a8 100 per- - 
cent  with blowing boundary-layer control and 60 percent  with area- 
suction  boundary-layer  control on the  trail ing-edge  f laps  deflected 55' 
(considered optimum fo r  carrier-type landing -approaches) at Eo angle of  
attack for the  landing-approach  configuration of the  afrplane. 

., . 

. .. 

.~- 

2. The increase i n  maximum l i f t  c o e f f i c i d .  
boundary-layer  control was dependent on the  leading-e ?r= ge configuration. due to - 

With a 0.01-inch  nozzle blowing f lap  the  increase  in  -& due t o  
boundary-layer  control for the  landing-approach  col3figuration of the 
airplane w a s  0.13 with  the  slatted  leading edge afld 0.23 with  the 
extended cambered leading edge (with  fence) . 'similarly, with the area- 
suction  flap  the  increase in maximum l i f t . c o e f f i c i e n t  WBB 0.05 and 0.09 
for   the   s la t ted  and extended cambered leading  edges,  respectively. 

. .  . 
. .  
" 

. .  
" 

- 

3. The differences in l i f t  character is t ics  wit.h the  perforated as 
compared to   the  s intered porous material on the  area-suction flap were 
small. 

. - .  
" - - . _  - " 

I 

4. Computations showed tha t   the   l ad ing ,   t ake-of fy  and catapult  
launching  performance would be Fmproved with  e i ther  blowing or suction . 
boundary-layer  control on the  flap,  while  the rate of climb a f t e r  cats- 
pult launching would be  less  than  the  basic  .aiqLane. . 

. 

" 

3 .  The reduction i n  pi lots '  approach speeds i n   f i e ld -ca r r i e r  land- 
ing  approaches  with  the  boyndsry-layer control flaps varied from 2 knots 
for  the  airplane  with-the  area-suction f l a p  and s l a t t ed  leading edge 
t o  10 knots with  the blowing f l ap  Etnd extended-cambered  leading edge aa 
compared to  the  basic  airplane  with  the  slatted  leading edge. " ". .. 

.- 
- " 

" 

6. The minimum comfortable  pilots'  approach.  aseeds in carrier-type 
landing approaches were within 3 knots of 1.125 e t a l l i n g  speed for  all. 
configurations  evaluated and were f o r  most cases below the speed f o r  
minimum drag. . . .. 

. -  

" 

. I :  

. -  

Ames Aeronautical Laboratory 
National Advisory Connnittee for Aeronautics 

Wffet t   Field,   Cal i f . ,  Feb. 14, 1957 

" 
" 

.-  
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APPENDIX A 

The following  equations and assumptiom were used in computing the  
performance . 
Stall velocity: 

where 

Amroach  velocity: 

- where a, CL and Q) axe for the approach a t t i tude .  

Landha distance : 

Air distance == 
r 5 0 2 2 e  vL2 + 50) g, ft 

(ref. u, p. 198) where Vs0 i s  p i l o t ' s  ac tua l  approach speed in feet 
per second, and VL is  the  landing  velocity, 

VL = 1.05 vS f t / sec  

(ref. 12, p. 3-21 where p = 0.4 

Take-off distance: 
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( re f .  13, p.  51) where take-off velocity 

v, = 1.2 vs 

NACA RM A57B14 

. 

T = thrust  at IDQ-percent  engine s-geed 

CL = angle of attack at 

IJ. = 0.02 

(The assumption i s  made that  steedy climb has been  reached  hefore attain- 
ing the 50-foot height.) 

Catapult end speed: 

where 

295(W - T S h  cljco) 
vTO = , knots 

. . -. . 

T = th rus t  at 100-percent m g i n e  -speed 

C h  = 0.9 C h a  

a,,,., = angle of a t tack   a t  
c%O 

Climb : 

60 Vc(T - D) 
Rate of  climb = w Y ft/- 



where 

V, 1.05 VS in ft/sec 

IC = thrust at lOo-percent engine speed 

D = drag at V, 
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TABU I. - GEDMETRIC DATA FOR TEST AE3PLANE 

wing . . .  " . 

Total  area  (slatted  leading edge), sq f t  . . . . . . . . .  , 288.0 
Total area (extended cambered leading  edge), sq f t  . . . . .  302.0 
span, ft . . . . . . . . . . . . . . . . . . . . . . . . . .  37.12 
Aspect ra t io  4.79 . . . . . . . . . . . . .  . . . . . . . . . . .  
Taper ra t io  . . . . . . . .  :. . . . . . . . . . . . . . .  0.51 
Mean aerodynamic chord. . . . . . . . . . . . . . . . . . . .  8.08 
Dihedral eagle, deg . . . . . . . . .  ; . . . . . . . .  -. . .  3.0 
Sweepback of 0.25 chord m e ,  deg . . . . . .  .;- . i . . . . .  35.2 
Geometric twist, deg . . . . . . . . . . . . . . . . . . . .  2.0 
Root airfoil section (normal t o  0.25 chord line) , . . NACA 0012-64 

(modified) 
Tip airfoi l   sect ion (normal t o  0.25 chord l ine) . . . .  NACA 0011-64 

(modified) 
Wing area affected by flap, sq f t  . . . . . . . . . . . . .  m.6 

T o t a l  area, sq ft . . . . . . . .  .-. . . . . . . . . . .  47.2 

Aspect ra t io  . . . . . . . . . . . . . . . . . . . . . . . .  4.82 
Taper ratio . . . . . . . . . . . . . . . .  .- . . . . . . . . . . .  0.45 
Sweep, d e g .  . . .  i . .  . . . . . . . . . . . . . . . . . . .  ... 35.0 

Total  area, sq f t  . . . . . . . . . . . . . . . . . . . .  35.1 

A s p e c t r a t i o .  . . . . . . . . . . . .  . . . . . . . . .  1.72 
Taper ra t io  . . . . . . . . . . .  : . . . . . . . . . . . .  0.37 
Sweep, deg . . . . . . . . . . . . . . . . . . . . . . . . . .  35.0 

Total area, sq ft . . . . . . . . . . . . . . . . . . . . .  25.1 

. -   . .  

. . .  . .  

. .  

Horizontal t a i l  . ." - 

S p a n , f t  15.08 " . . . . . . . . . . . . . . . . . . . . . . . . . .  
." 

" 

Vertical tail 

S p m , f t . .  . . . . . . . . . . . . . . . . . . . .  . .  . 7.04 

. . .  

Flaps 

semispan, f t  , . . .  - 7.46 . . . . . . . . . . . . . . . .  . . . .  . 
C h O r d , f ' t  . . . . . . . . . . . . . . . . . . . . . . . . .  1. n 



. . , , . . . . - . . . . . . . . . . . . . . .. . 
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TARLE 11. - STAILl3G AmD APPROACH cEww=IIwIsTICS - Concluded 
(b) Slatted l e d l n g  edge 

550 Off 101 
Proldmity to stall I 

Suction 

Inadequate altitude 
control 

0.01 in, nozzle 
450 s lo t t ed  

Abil i ty   to   control  
a l t i t ude  Off I 

1 4 4  at lo1 ]mots 
Buffet and pitch-UJ ProrCnity to stall 

Indequate   a l t i tude  
Control 

Proximity to stall 

Inaaequate a l t i t ude  
control 

450 s lo t t ed  None % 

. . .. 
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Figure 1.- Two-view drawing of test airplane. 
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Figure 2.- Photograph of t e s t  airplane. 
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Figure 4.- Typical cm88 aection of suction f h p .  

1 

i I  
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( a )  Flap with a poxtion of sbtered porous material removed. 

Figure 5.- Close-up o f  area-suction flap. 

A-861% I 

-4 
R) 
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(a) Ejector pump exits. 

Figure 5.- Concluded. 

A-21112 



A-21219.2 

Figure 6.- Close-up of area-suction flap wTth perforated porous makerial. 



400 

0 

0 

h f Porous 

opening 

0 I 2 3 4 5 
Porous opening, in, 

Figure 7.- Desi- variat ion of pressure drop across porous material 
with  chordwise  opening; inflow velocity 4 .4  f t /sec.  
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Primary  pressure  ratio,  p '/P 

Figure 8.- Ejector puzqp chwscteristfcs with two types of 
porous materials. 
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Figure 9.- Photograph 3f blowing boundary-layer cont ro l  f lap.  A-al285.1 

1. 

. .  . 
I I .  . .  . . . . . . . . . . I / I  , 
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Figure 10.- Typical cross section of the blowing flap.  W 
w 
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50 60 70 80 90 I O 0  

Percent engine speed 

Figure 11.- Variation of engine bleed-air-pressure r a t i o  with 
engine speed. 
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-5 0 60 70 80 90 I O 0  
Percent  engine  speed 

Figure 12.- Variation of bleed-air flow with engine speed. 
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50 60 70 80 90 I 00 
Percent engine speed 

Figure 13. - Variation of  sta-bic tbru&.wlth engine speed. 



NACA RM A5p14 

.67' - 1.06' * 

Slat  extended  and  retracted - Wing  station .857b/2. 
Slat  extent; .24 b/2 to .96 b/2. 

(a)  Slatted leading edge. 

NACA 23009 cambered section - Wing  station .a57 b/E. 
Cambered  section full span. 

(b) Extended cambered leadin@; edge. 

NACA 23012 cambered  section - Wing station -22 b/2 . 
Extent of camber; .08 b/2 to .22 b/2 

(c) Modified i n b o d  section of slatted leading edge. 

37 

Figure 14.- Cross section of vmious leading-edge  configurations. 
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(a) Slatted lead- edge. 

Figure 13.- Lift and drag characteristics f o r  various configuration;  85-percent engine speed. 
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(b) Extended cambered l ead ing  edge. 

Figure 15.- CanClUded. 

.- , 
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Cambered  leading  edge 
"_. Slatted  leading  edge 
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Figure 16.- Variation of flap lift .with angle of attack; 85-percent 
englne speed. 
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cambered LE. 

slatted L.E. 
0.OI”Blowing nozzle 
camb-ered LE. 
Suctlon -cambered L.E. 

.6 0.0 I ‘I Blowing nozzle - 

-4 Suction - slotted LE. 

Blowing off -slatted LE. 
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(a) Slats locked closed and sealed. 
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(c) Cambered le- edge without fence. 

Figure 18. - Concluded. 
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Figure 20.- Variation of maximum 1 i f t . coe f f i c iwt  with engine speed; 
6f = 5 5 O .  
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Figure 21.- L i f t  curves f o r  wing sealed  and  unsealed; gear down, slatted 
leading edge. 
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Figure 24. - L i f t  curves for suction flag with perforated end sintered 
porous materials; 6f =i 550t 85-percent engine speed, g e m  down. 
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(b) Cambered leading edge. 

~igure 25.- concluaed. 



. . - . . . . 

I O 0  

90 

80 

70 

60 

50 
0 .004 .008 .012 .016 .020 .024 .028 .032 

cP 

Figure 26.- Variation of momentum coeffiaient with engine sped. 
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Figure 2'7.- Variation of stallFng speed with gross weight. - - :* 
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(b) Cambered leading edge; 6f = 5 5 O .  

Figure 27.- Concluded. 
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Figure 29.- Variation of landing distance with g r o s s  weight. 
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(b) Cambered le&ding edge; 6f = 55O. 

Figure 29.- Concluded. 
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Figure 30.- Variation of take-off dist.ance with gross weight. 
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(b) Cambered  leading edge; 6f 55'. 

Figure 30.- Continued. 
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Figure 30.- Concluded. 
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Figure 31.- Variation of catapult  take-off  speed  with Q ~ O B S  weight for 
various configurations. 
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(b) Cambered leading edge; 6f = 55'. 

Figure 33.- Concluded. 



68 

u) 

C 
0 

s 

c 

>" 
" 

c VI 
0 
C 
Y 
c 

>" a 

. 

90 94 98 I02 I06 I IO I I4 
vs, knots 

0 4 8 12 16 20 24 
AV,, knots 

Figure 34.- variation of approach spe.ed with stall speed. 

.. . 



I I 6  

112 

e m 
0 

108 - 
>" 45O Slotted None 

55O Plain O f f  
550 Plain Suction 

I04 

:a Cambered 55" Ptain Suction a Cambered 55O Plain 0.OI'Blowing nozzle 
0 Cambered 55O Plain 0.02"Blowing nozzte 

I O 0  
I O 0  I04 I08 112 I16 I 20 

vmin drag I knots 

#. 

>" a 

I 2 

8 

4 

0 
0 -4 8 12 16 

*",in d r a g ,  knots 
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